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20. (Cont. P shortcomings. 

In  this  investigation  a simple  and  useful  theory,  based  on  the  cavity 
model,  has  been  developed  to  analyze  and  predict  the  fundamental  behavior  of 
microstrip  antennas  of  various  basic  shapes.  In  general,  there  is  a good 
agreement  between  the  theory  and  experiment.  ^ 

I'rom  this  theory,  the  general  behavior  of  thet^diation  pattern  can  be 
predicted  by  simply  noting  the  relative  modal  field  directions  along  the  edges 
of  the  antenna.  For  numerical  results,  the  computation  is  simple  and 
straightforward. 

A microstrip  antenna  can  be  fed  in  many  different  ways.  The  input  impe- 
dance at  the  feed  can  be  computed  from  the  modal  field  expansion.  In 
particular,  the  real  part  of  the  impedance  can  be  computed  from  the  power 
radiated  and  lost  in  the  cavity  while  the  reactive  part  can  be  obtained  from 
the  stored  energy  associated  with  the  cavity  field.  The  impedance  varies 
rapidly  with  frequency.  As  the  frequency  sweeps  through  the  resonant  value  for 
a particular  mode,  the  susceptance  changes  the  sign  and  the  conductance  passes 
through  a minimum.  Thus  the  resonant  admittance  is  a stationary  point  and  for 
frequencies  in  the  neighborhood  of  resonance  the  admittance  locus  follows 
approximately  a constant  conductance  circle  in  the  Smith  chart  plot  (except  for 
multiple  resonances).  Since  the  real  power  can  easily  be  computed,  the 
admittance  locus  is  determined  immediately. 

The  theory  predicts  that  the  input  impedance  varies  with  the  feed  location 
if  the  feed  is  applied  along  the  edge  with  nonuniform  field  distribution.  This 
is  verified  experimentally.  Therefore,  by  simply  locating  the  feed  properly, 
the  antenna  can  be  matched  to  the  feeder  over  a wide  impedance  range. 

Most  radiation  takes  place  along  the  edge  with  uniform  field  distribution. 
Thus  the  longer  the  edge  is,  the  higher  the  efficiency  and  the  wider  the 
bandwidth.  Parasitic  elements  of  proper  dimensions  have  the  function  to 
broaden  the  resonant  frequency  region  or  to  cause  multiple  resonances  near  to 
each  other.  In  some  symmetrical  geometries,  the  degenerate  resonant  frequency 
can  split  into  two  close  values  if  the  symmetry  is  perturbed  slightly.  This 
can  also  cause  multiple  resonances,  resulting  in  multiple  loops  in  the  impedance 
locus . 

The  most  challenging  problem  in  microstrip  antennas  is  how  to  broaden  the 
bandwidth  and  increase  the  efficiency.  It  is  believed  that  this  investigation 
has  provided  some  guidance.  A demonstration  was  made  to  show  an  improvement  in 
the  bandwidth  by  two  or  three  folds  by  testing  a series  of  specially  constructec 
microstrip  antennas.  However,  further  work  is  needed. 
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EVALUATION  STATEMENT 
Contract  F19628-76-C-0140 

This  report  is  the  Final  Report  on  this  contract,  it 
covers  research  performed  on  microstrip  antennas  during  the 
period  2 February  1976  to  9 September  1977.  The  work  deals  with 
the  development  of  analysis  and  synthesis  techniques  for  the  canonical 
shapes  of  this  radiating  element.  The  microstrip  is  light  in  weight, 
compact  and  conformal  in  structure,  low  in  profile  and  easy  to 
fabricate;  however,  it  is  inherently  narrow  band  with  low  efficiency. 
This  effort  has  addressed  these  drawbacks  by  creating  a better 
understanding  of  the  physical  and  electrical  properties  and  generat- 
ing techniques  to  minimize  their  effects.  Accurate  theory  has  been 
developed  to  characterize  both  the  radiation  patterns  and  input 
impedance.  This  antenna  provides  an  attractive  radiator,  indivi- 
dually or  in  array,  for  integration  in  the  next  generation  of  Air 
Force  tactical  communication  and  radar  systems. 
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SUMMARY 


Microstrip  antennas  are  inherently  narrow  band  devices  with  low 
efficiency.  On  the  other  hand,  they  have  many  unique  and  attractive 
properties:  they  are  low  in  profile,  light  in  weight,  compact  and 

conformable  in  structure,  and  easy  to  fabricate  and  to  be  integrated 
with  solid-state  devices.  They  are  superior  to  the  conventional 
flush-m->unt  antennas  since  they  are  truly  "thin"  antennas,  requiring 
no  cavity  backing.  There  seems  to  be  little  doubt  that  they  will  find 
more  and  more  applications  as  more  compact  efficient  solid  state  sources, 
amplifiers,  and  self-matching  networks  are  developed  to  compensate  for 
the  shortcomings. 

In  this  investigation  a simple  and  useful  theory,  based  on  the 
cavity  model,  has  been  developed  to  analyze  and  predict  the  fundamental 
behavior  of  microstrip  antennas  of  various  basic  shapes. 

From  this  theory,  the  general  behavior  of  t^he  radiation  pattern  can 
be  predicted  by  simply  noting  the  relative  modal  field  directions  along 
the  edges  of  the  antenna.  For  numerical  results,  the  computation  is 
simple  and  straightforward. 

A microstrip  antenna  can  be  fed  in  many  different  ways.  The  input 
Impedance  at  the  feed  can  be  computed  from  the  modal  field  expansion. 

In  particular,  the  real  part  of  the  Impedance  can  be  computed  from  the 
power  radiated  and  lost  in  the  cavity  while  the  reactive  part  can  be 
obtained  from  the  stored  energy  associated  with  the  cavity  field.  The 
impedance  varies  rapidly  with  frequency.  As  the  frequency  sweeps  through 
the  resonant  value  for  a particular  mode,  the  susceptance  changes  the 
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sign  and  the  conductance  passes  through  a minimum.  Thus  the  resonant 
admittance  is  a stationary  point  and  for  frequencies  in  the  neighborhood 
of  resonance  the  admittance  locus  follows  approximately  a constant 
conductance  circle  in  the  Smith  chart  plot'  (except  for  multiple  ' 
resonances).  Since  the  real  power  can  easily  be  computed,  the  admittance 
locus  is  determined  immediately. 

The  theory  predicts  that  the  input  impedance  varies  with  the  feed 
location  if  the  feed  is  applied  along  the  edge  with  nonuniform  field 
distribution.  This  is  verified  experimentally.  Therefore,  by  simply 
locating  the  feed  properly,  the  antenna  can  be  matched  to  the  feeder 
over  a wide  impedance  range. 

Most  radiation  takes  place  along  the  edge  with  uniform  field 
distribution.  Thus  the  longer  the  edge  is,  the  higher  the  efficiency 
and  the  wider  the  bandwidth.  Parasitic  elements  of  proper  dimensions 
have  the  function  to  broaden  the  resonant  frequency  region  or  to  cause 
multiple  resonances  near  to  each  other.  In  some  symmetrical  geometries, 
the  degenerate  resonant  frequency  can  split  into  two  close  values  if  the 
symmetry  is  perturbed  slightly.  This  can  also  cause  multiple  resonances, 
resulting  in  multiple  loops  in  the  impedance  locus. 

The  most  challenging  problem  in  microstrip  antennas  is  how  to 
broaden  the  bandwidth  and  Increase  the  efficiency.  It  is  believed  that 
this  investigation  has  provided  some  guidance.  A demonstration  was  made 
to  show  an  improvement  in  the  bandwidth  by  two  or  three  folds  by  testing 
a series  of  specially  constructed  microstrip  antennas.  However,  further 
work  is  needed. 
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PREFACE 


Microstrip  devices  have  widely  been  used  as  microwave  circuit  elements, 
such  as  transmission  lines,  filters,  etc.  The  successful  operation  of, 
for  example,  the  microstrip  resonators  seems  to  suggest  that  basically 
they  are  poor  radiators.  Despite  this  weakness,  microstrip  antennas  have 
received  much  attention  in  recent  years  because  of  their  many  unique  and 
attractive  properties  — low  in  profile,  light  in  weight,  compact  and 
conformable  in  structure,  and  easy  to  fabricate  and  to  be  integrated  with 
solid  state  devices.  They  are  superior  to  the  conventional  flush-mount 
antennas  in  that  they  are  truly  "thin"  antennas,  requiring  no  cavity 
backing.  There  seems  to  be  little  doubt  that  they  will  find  many  appli- 
cations in  practice  in  much  the  same  manner  as  in  the  modern  hi-fi 
systems  where  the  inefficiency  of  small  speaker  systems  is  traded  for 
their  compactness.  Likewise,  the  shortcomings  can  perhaps  be  compensated 
for  with  more  efficient  solid-state  sources,  amplifiers,  and  adaptive 
impedance-matching  networks. 

A few  short  papers  published  in  recent  years  [1]  - [3]  are  concerned 
mainly  with  the  experiments  to  demonstrate  many  design  possibilities  of 
the  microstrip  antennas.  A general  rigorous  theory  for  this  new  family  of 
antennas  appears  to  be  very  involved.  It  is  possible  to  formulate  the 

problem  in  terms  of  the  spatial  spectrum  of  the  current  in  the  microstrip 
plate  and  to  solve  the  integral  equation  by  Galerkin's  method.  This 
approach  has  been  initiated  in  the  Quarterly  Report  No.  1 [Feb.  - May  1976]. 
In  view  of  the  success  of  treating  this  type  of  structures  as  cavities  in 
microstrip  circuits,  the  rigorous  attack  is  temporarily  suspended  in  favor 
of  a much  simpler  approach  based  on  the  cavity  model  theory 
[Quarterly  Report  No.  2,  May  - August  1976]. 
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The  modal  fields  in  the  cavity  of  many  geometrical  shapes  can  easily 


be  determined.  Using  the  equivalence  theorem,  the  far  field  can  thus  be 
computed  approximately.  In  fact  tlie  general  beliavior  of  the  radiation 
pattern  can  readily  be  predicted  by  simply  observing  the  nodes  and 
antinodes  of  the  modal  field  distribution  along  the  edges  of  the  micro- 
strip antenna  without  computation.  Even  for  quantitative  results  the 
computation  needed  is  quite  simple.  For  all  the  geometries  considered, 
the  theoretically  predicted  patterns  agree  very  closely  with  the  measured 
patterns. 

A microstrip  antenna  can  be  excited  in  many  different  ways. 

However,  the  cavity  model  theory  fails  to  predict  the  input  impedance  at 
any  feed  point  correctly,  in  particular  at  resonance,  since  the  input 
impedance  of  a lossless  cavity  is  always  reactive  and  becomes  either  zero 
or  infinity  at  resonance.  Even  if  the  dissipative  losses  in  the  cavity 
are  considered,  the  cavity  theory  still  does  not  take  the  radiated  power 
into  account,  which,  as  is  obvious,  is  of  primary  interest  in  this  study. 
However,  this  difficulty  can  be  alleviated  by  first  computing  the  radiated 
power  from  the  pattern  function  and  then  from  this  power  and  losses  in  the 
cavity  computing  the  resonant  input  resistance.  In  a similar  manner,  one 
can  compute  the  input  impedance  at  any  frequency  off  resonance.  The 
input  impedance  locus  so  computed  is  found  to  be  in  good  agreement  with 
the  measurement  for  many  cases  . 


This  report  summarizes  the  major  work  performed  during  the  contract 
period  in  five  parts.  Some  other  results  which  are  either  of  secondary 
interest,  or  which  are  not  yet  completed  (in  order  to  direct  the  effort 
to  more  fruitful  investigations),  have  been  reported  in  the  regular 
Quarterly  Reports  and  will  not  be  repeated  here. 
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Part  A deals  with  the  approximate  theory  based  on  the  cavity  model. 

In  particular  four  geometries  (rectangle,  circular  disk,  semi-circular  disk, 
and  equilateral  triangle)  have  been  analyzed  in  detail.  In  each  case,  a 
comparison  between  the  theoretical  and  experimental  results  for  several 
typical  dimensions  has  been  made.  The  objective  of  the  work  in  Part  B 
is  to  document  the  major  properties  of  many  microstrip  antennas  of 
canonical  shapes  in  order  to  gain  some  insight  into  the  radiation 
mechanism  and  impedance  variation  of  these  antennas. 

In  Part  C it  is  shown  that  a wide  range  of  impedance  values  is 
available  for  matching  purposes  by  choosing  the  feed  location  properly. 
Although  this  investigation  has  so  far  been  performed  for  rectangular 
microstrip  antennas  only,  without  any  doubt  the  same  technique  can  be 
applied  to  other  geometries  as  well.  Part  D considers  the  question  of 
coupling  between  a microstrip  antenna  and  its  feeder  and  also  between  two 
similar  microstrip  antennas. 

The  most  objectionable  property  of  microstrip  antennas  is  their 
inherent  narrow  bandwidth  and  low  efficiency  (high  Q)  as  radiators.  The 
"angels"  in  the  microwave  circuit  application  certainly  become  the  "devils" 
in  the  antenna  application.  To  seek  improved  designs  in  the  latter 
application,  one  must  explore  in  a new  direction,  a direction  opposite  to 
the  circuit  engineers'.  It  is  believed  that  this  research  has  provided 
us  with  some  guidance.  This  is  discussed  in  Part  E with  some  experimental 
evidence.  Without  doubt,  much  effort  is  urgently  needed  in  this  area. 
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THEORETICAL  AND  EXPERIMENTAL  INVESTIGATION 
OF  MICROSTRIP  ANTENNAS 
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CHAPTER  1 . INTRODUCTION 


The  microstrip  antenna  has  the  attractive  features  that  it  requires 
little  space,  is  light  in  weight,  easy  to  fabricate  and  reproduce,  and 
can  be  conformal  to  any  surface  [1].  It  also  has  the  potential  to  be 
integrated  witli  active  devices. 

Early  work  on  the  microstrip  was  done  by  Deschamps  [2]  at  the 
Federal  Telecommunications  Laboratories.  More  recently,  Munson  [1]  and 
Derneryd  [3]  have  analyzed  the  microstrip  rectangular  antenna  as  two- 
slot  radiators  in  parallel.  The  radiation  pattern  from  a disk  micro- 
strip antenna  has  also  been  considered  [4].  Carver  and  Coffey  [5] 
solved  for  the  radiation  pattern  of  a microstrip  antenna  of  arbitrary 
shape  by  using  numerical  methods. 

Microstrip  circuit  elements  have  been  analyzed  [6]- [8]  by  enclosing 
the  inner  region  by  a magnetic  wall  at  the  edge  of  the  plate.  Evaluation 
of  the  Q-factor  for  circles  and  triangles  has  been  made  according  to  this 
method  [9].  A circular  polarized  microstrip  antenna  has  also  been 
developed  [10]. 

It  is  the  purpose  of  this  report  to  further  develop  methods  to 
analyze  the  properties  of  microstrip  antennas.  We  attempt  to  develop 
a theory  to  predict  the  radiation  patterns  and  impedance  of  a microstrip 
antenna  excited  at  an  arbitrary  frequency. 

The  geometry  of  the  microstrip  antenna  is  shown  in  Fig.  1.  It 
consists  of  a thin  conducting  plate  separated  from  an  infinite  conducting 
ground  plane  by  a thin  layer  of  dielectric  where  the  thickness  of  the 
dielectric  is  much  less  than  one  wavelength.  On  the  basis  of  this 
geometry  the  following  assumptions  may  be  made  about  the  fields  in  the 
dielectric  region  of  the  microstrip  (the  region  of  the  dielectric  that 
is  underneath  the  metal  conductor). 


dielectric 

substrate 


dielectric 

substrate 


Figure  1.  Geometry  of  microstrip  antenna,  t is  the  thickness  of  the 
dielectric . 
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i)  The  E-field  has  a z-component  only  (normal  to  the  microstrip) 
and  tiie  H-f ield  has  xy-components  only  (tangential  to  the  microstrip) . 

ii)  Tlie  fields  have  no  z- variation, 

iii)  The  component  of  the  current  normal  to  the  edge  of  the  micro- 
strip approaches  zero  at  the  edge.  This  implies  that  the  tangential 
component  of  the  H-field  at  the  edge  is  negligibly  small. 

I On  the  basis  of  these  assumptions  the  fields  in  the  dielectric 

i 

I region  of  the  microstrip  can  be  determined  by  modeling  the  microstrip 

r 

as  a cavity  bounded  on  the  top  and  bottom  by  an  E-wall  and  on  the  sides 
by  an  H-wall.  The  latter  is  based  on  assumption  iii)  that  the  component 
of  the  H-field  tangent  to  the  edge  is  small  at  the  edge  so  that  forcing 
the  tangential  component  of  the  H-field  at  the  edge  to  zero  does  not 
greatly  affect  the  fields  in  the  rest  of  the  dielectric  region  of  the 
microstrip.  Thus  the  fields  within  the  dielectric  region  of  the  micro- 
I strip  can  be  determined  by  solving  a cavity  problem  instead  of  an  open 

r region  problem. 

[ 

I Once  the  field  within  the  dielectric  region  of  the  microstrip  is 

i known,  the  induced  currents  in  the  conducting  plate  can  be  determined 

j and  the  radiated  fields  can  be  solved  for.  Alternatively,  the  induced 

L ~ 

magnetic  current,  K,  in  the  H-wall  can  be  determined  and  the  radiation 
i field  due  to  the  K-current  calculated.  Since  it  is  more  efficient  to 

j perform  a line  integral  than  a surface  integral  for  the  electric  current, 

it  is  this  second  approach  that  is  used  throughout  this  thesis. 

The  exact  solution  to  the  cavity  problem  can  easily  be  obtained  for 
certain  canonical  geometries.  In  the  following  chapters  the  electrical 
behavior  of  several  different  microstrip  antennas  is  determined  on  the 
basis  of  the  above  model  and  the  results  are  compared  with  experimental 
results. 
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CHAPTER  2.  THE  RECTANGULAR  MICROSTRIP  ANTENNA 


t 


1 

! 

1 


1. 


f- 


2.1  General  Field  Analysis 

For  the  rectangular  microstrip  antenna  the  conducting  plate  in 
Fig.  1 takes  the  form  of  a rectangle  with  dimensions  shown  in  Fig.  2. 
The  antenna  is  fed  with  a microstrip  line.  The  field  that  exists 
underneath  the  microstrip  line  is  assumed  to  consist  of  the  incident 
and  reflected  TEM  waves  where  the  E-field  has  only  a z-component  and 
the  H-field  an  x-component.  On  the  basis  of  our  model  the  edge  of  the 
rectangle  is  surrounded  by  a magnetic  wall.  By  using  the  equivalence 
principle,  the  microstrip  feed  line  can  be  replaced  by  an  electric 
current  source  J parallel  to  the  z-axis  and  backed  by  a magnetic  wall. 
Thus  the  cavity  problem  in  Fig.  3 must  be  considered. 

This  problem  may  be  attacked  by  treating  the  cavity  as  a waveguide 
with  a boundary  at  y = 0 and  y = b.  A cross-sectional  view  of  the 
waveguide  is  shown  in  Fig.  4.  It  is  bounded  at  z = 0 and  z = t by  an 
E-wall  (t  is  the  thickness  of  the  dielectric)  and  at  x = 0 and  x = a 
by  an  H-wall. 

A solution  for  this  waveguide  with  an  E-field  with  a z-component 
only  is 


1 

J 


- (f )'  ■ ''>f 


^ = s 


\ 

. /fnv\^  , 2 ntr 

L-v(v)  - 


, k = (jj/iiF 


(]d) 


■j6„y 


and  time  variation  is  assumed  so  that  e is  a wave  traveling 

+jeny 

in  the  +y  direction  and  e in  the  -y  direction. 

Since  the  boundary  condition  at  y = b is  = 0, 


A = A e 
n n 


Substitute  this  into  Equation  (1)  to  get 


rnr  \ 


E = y A cos  — x|  cos  3 (y  - b) 
" n=0  " i 


H = — ^ y A B cos  ( — sin  B (y  - b) 

X wp  n n V a ' '•J' 

n=0  v.  > 

H = J-  y A H sin 


x]  cos  B^  (y  - b) 


Now  the  boundary  condition  at  y = 0 is  assumed  to  be 

, c < X < d 


(2a) 


(2b) 


(2c) 


H^(x,y  = 0) 


0 , elsewhere 


(3) 


Expand  H at  y = 0 in  terms  of  cos  x to  get 

X Qi 


H (x,y  = 0)  = ^ + I — 

X a rnr 
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j nTT  . . » riTT  / 1 1 \ 
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Equating  (2b)  at  y = 0 to  (4)  yields 
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A = -ju)ia  J — 
n mr 


d — c 

= -jwM  J : — rr 

0 ak  sin  kb 


[sin  g (d  - eg  [cos  ~ id  + c)] 

B sin  (5  b 
n n 


; n = 1,2,...  . (5b) 


Using  Equation  (5)  in  Equation  (2a)  gives  the  electric  field  in  the 
dielectric  region  of  the  microstrip,  wh'ich  in  turn  gives  the  induced 
k-currents.  The  K-current  distribution  at  the  four  edges  [(x,y)  = (0,y), 
(a,y),  (x,0)  and  (x,a) ] is  given  by 


k = n X zE 


where  n is  normal  to  the  edge  and  K is  shown  in  Fig.  5 . 

At  certain  frequencies  one  of  the  terms  in  the  expressions  for  E 

2 

and  k blows  up.  This  occurs  when 


6 sin  B b = 0 ; n = 0,1,2,... 
n n ’ > > » 


or  at  a frequency  with 


m,n  are  integers. 


The  field  that  exists  when  k satisfies  Equation  (8b)  is  a resonant 
mode  of  the  rectangular  cavity.  The  K-current  distribution  for  several 
different  resonant  modes  is  sketched  in  Fig.  6. 

The  field  structure  for  the  n ,m  = (0,l)  mode  is  the  sum  of  the  two 
TEM  waves  — one  traveling  in  the  +y  direction  and  one  in  the  -y  direction. 
A similar  interpretation  exists  for  the ’i,m  = (1,0)  mode  except  that  che 
two  TEM  waves  travel  in  the  +x  and  -x  directions.  For  modes  with  m 0 
and  n 0,  similar  Interpretations  may  be  given,  except  that  the  waves 


r 


K(0,y)  = 


is  defined  in  Equation  (5) 


3 is  defined  in  Equation  (Id) 


travel  at  an  angle  ±tan 


-1  /nb\  ^ • j 

I — I with  respect  to  the  x-axis  and  ±tan 

witli  respect  to  the  y-axis,  implying  that  a wave  bounces  from  the  H-walls 

according  to  Snell's  law. 

2.2  Calculation  of  Impedance 

The  impedance  is  calculated  using  the  following  equations. 


Z = 1/Y 
Y = G + jB 

where 

G = Re  (Y)  = P^/lvj^ 
jB  = Im  (Y)  = I/V 


(9a) 

(9b) 


(10a) 

(10b) 


Pj.  is  the  total  power  lost  in  the  antenna.  This  includes  radiated  power, 
the  power  dissipated  in  the  dielectric  and  conductors,  and  the  power  lost 
in  surface  waves.  V is  the  imaginary  voltage  at  the  feed  point  and  is 
determined  by 


E 

ave 


V = 


E 


ave 


t 


fd 

E(x,0)  dx/ (d  - c) 
c 


(12a) 

(12b) 


E is  the  average  electric  field  at  the  feed  point  and  t is  the  thick- 
ave  " 

ness  of  the  dielectric.  I is  the  current  flowing  into  the  microstrip 
from  the  feed  and  is  given  by 

I = -J(d  - c)  . (13) 

If  J is  real,  then  V is  imaginary  for  a lossless  cavity  and  jB  is 
therefore  the  admittance  of  the  lossless  rectangular  cavity. 
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That  G is  the  real  part  of  the  admittance  [Equation  (10a)]  can  be 


shown  as  follows.  Refer  to  Fig.  7,  a transmission  line  of  impedance  Z^, 
terminated  in  a load  of  admittance  Y . The  condition  at  the  load  is 


I.  » 

I ‘ 
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Y = — 
L V, 


I.  + 1 
1 r 

V.  + V 
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1 V.  - V 
1 1 r 

Z„  V.  + V 
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G = Re(Y  ) = — Re 
L 


1 + 


1 - r 


0 1 + r 


(15) 


The  total  power  into  the  load  is 


^ = 


1 - r 


(16) 


The  result  of  substituting  Equation  (16)  into  (15)  is  Equation  (10a). 


Now  we  consider  the  total  power  lost,  P^. 


P =P  +Pj+P  +P 
t r d c s 


(17) 


P^  is  the  power  radiated  by  the  antenna.  Because  the  dielectric  is  very 
thin  for  the  first  approximation,  the  presence  of  the  dielectric  is 
neglected  in  calculating  P^  from  the  K-current  distribution.  Also,  using 
the  fact  that  K-current  is  only  a very  small  distance  above  an  infinite 
conducting  plane,  the  electric  vector  potential  at  (r,6,(l))  due  to  a 
K(x',y')  is 


-jkr 

4Tir 


2K(x',y*)  eJk(x'sin9cos4.+y'sin0sln4,) 


where  di'  = /dx  + dy  , L = magnetic  wall  boundary  of  the 


cavity. 
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The  far  field  at  (r,0,({i)  is  then 


E . -jkF;,  . -nH,  (19b) 


where  n = 377  Q is  the  impedance  of  free  space. 
The  total  radiated  power  is  then 


rTT/2  <•271  ^ 2 

P = Re  d0  d<j.XE„H*  - E^H*)  r sin  0 

r Jq  Jq  . 0 <).  <!>  0 


The  power  dissipated  in  the  dielectric,  P^,  is  given  by  the  equation 


a E dv 


where  the  integration  is  performed  over  the  volume  of  the  cavity  and  o is 
the  conductivity  of  the  dielectric. 

The  loss  in  the  conductors  is  given  by 


"c  = 20^6  JJ^ 


IhI^  da 


where  the  integration  performed  over  the  conductor  surfaces  at  z = 0 and 
z = t,  is  the  conductivity  of  the  conductor,  and  6 is  the  skin  depth. 

P^  is  the  power  lost  in  surface  waves.  Our  estimate  for  several 
cases  shows  that  it  is  negligible  compared  to  P^  and  P^. 

2. 3 Comparison  of  Experiment  and  Theory 

Measurements  were  made  using  copper  cladded  1/16"  thick  Rexolite  2200. 
The  relative  permittivity  is  2.62  and  the  loss  tangent  is  approximately 
.0009. 
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The  measured  and  theoretical  values  of  the  impedance  of  a microstrip 
of  dimensions  7.60  cm  x 11.40  cm  is  shown  in  Figs.  8 - 11.  The  antenna  is 
fed  by  a 50  fi  microstrip  line  centered  at  point  "e"  on  one  side  of  the 
antenna.  Measurements  are  made  for  four  different  feed  points  over  a 
frequency  range  of  about  750  MHz  to  1650  MHz.  Within  this  range  several 
different  resonant  modes  are  excited. 

The  resonant  frequency  is  the  frequency  at  which  the  reactance  or 
tlie  susceptance  vanishes  (the  impedance  crosses  the  real  axis  of  the  Smith 
chart).  As  can  be  seen  from  Figs.  8 - 11,  the  theoretical  value  of  the 
resonant  frequency  is  greater  than  the  measured  value.  In  these  figures 
the  points  labeled  with  "o"  and  the  numbers  with  "t"  are  theoretical 
points,  the"x's"and  numbers  with  "e?' are  measured  points.  Frequency  is  in 


Much  can  be  learned  about  the  impedance  by  studying  the  K-distribution 
along  the  edge  because  it  is  proportional  to  the  ^-field.  For  the 
(n,m)  = (0,l)  mode  the  impedance  is  independent  of  the  feed  point  for  a 
rectangle  fed  from  the  y = 0 edge.  This  is  true  because  the  electric 
field  is  constant  along  the  y = 0 edge  for  this  mode  so  that  the  coupling 
between  the  feed  and  the  antenna  is  the  same  at  any  feed  point  along  the 
y = 0 edge.  This  is  illustrated  by  comparing  Figs.  8b  and  9a.  The 
impedance  at  resonance  is  the  same,  although  the  feed  points  are  different. 
The  same  argument  applies  to  the  m = 2,  n = 0 mode  (see  Figs.  lOd,  lib). 

However,  for  the  (n ,m)  = (l,0)  mode  where  there  is  a sinusoidal 
variation  in  the  E-field  along  the  y = 0 edge,  changing  the  position  of 
the  feed  point  changes  the  input  impedance.  If  the  rectangle  is  fed 
exactly  at  the  center  along  the  y = 0 edge,  then  this  mode  is  not  excited. 

Investigation  has  also  been  made  on  the  effect  of  the  dimensions 
of  the  rectangle  on  the  impedance  and  the  resonant  frequency.  In  Fig.  12 
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Figure  8.  Theoretical  and  experimental  impedance  characteristics  of 
rectangular  microstrip  antenna. 

X-X-X-X  experimental  points  o-theoretical  points, 
e-experimental  frequency  (MHz),  t-theoretical  frequency  (MHz), 
(n,m)-dominate  mode  at  resonance. 
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off  center  fed  rectangle 
m=0.n=l  k|Q=TT/a 
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Figure  10 


Theoretical  and  experimental  impedance  characteristics  of 
rectangular  microstrip  antenna.  X-K-K-K  experimental  points 
o-theoretical  points,  e-experimental  frequency  (MHz), 
t-theoretical  frequency  (MHz),  (n,m)-dominate  mode  at  resonance 
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Figure  10.  (cent.) 
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off  center  fed  rectangle 
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a=7.6cm.  b=11.4cm.  e=5.63cm 
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Figure  12.  Variation  of  frequency  and  Q for  a center-fed  rectangle. 
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is  shown  a rectangle  fed  in  the  center  so  that  only  the  n,m  = (i  ,0 ) mode 
is  excited.  It  is  of  interest  to  investigate  the  variation  of  resonant 
frequency  and  input  impedance  of  this  mode  with  dimension  "a"  while 
dimension  "b"  is  held  constant.  The  theory  predicts  that  the  resonant 
frequency  should  be  independent  of  "a"  and  is  determined  from  k = Ti/b. 

As  can  be  seen  from  Fig.  12,  the  impedance  at  resonance  increases 
as  "a"  decreases.  The  reason  for  this  is  that  at  resonance  B = 0,  and 
therefore  by  Equation  (9)  and  (10a) , 

Z = 1/G  = |V|^/P^  . (23) 

As  "a"  is  varied  |v|,  the  voltage  at  the  feed^ is  unchanged  for  the 
n,ni  = (U, 1)  mode,  but  the  power  radiated  decreases  as  "a"  decreases  because 
the  radiating  aperture  decreases  in  length. 

The  measured  resonant  frequency  changes  by  3 percent  as  "a"  is  varied 
from  4.05  cm  to  20.00  cm  as  shown  in  Fig.  12.  There  may  be  three  possible 
factors  that  affect  the  resonant  frequency. 

i)  The  n,m  = (0,1)  mode  consists  of  waves  traveling  along  the 
±y-axis  between  y = 0 and  y = 5.95.  The  reflection  coefficient  at  these 
edges  may  not  be  purely  real  so  that  the  reflected  wave  has  a phase  shift 
which  will  affect  the  resonant  frequency.  This  may  be  modeled  by  extending 
the  H-wall  from  the  actual  edge  an  amount  A such  that  the  phase  delay  in 
the  wave  traveling  the  distance  2A  is  equal  to  the  phase  shift  of  the 
reflection  coefficient  at  the  edge. 

ii)  The  propagation  constant  of  a wave  traveling  in  a microstrip  line 
cannot  be  determined  by  the  dielectric  constant  of  the  substrate  alone, 
since  the  wave  includes  fringing  fields  that  extend  into  free  space  along 
the  edges  x = 0 and  a.  A formula  derived  by  Schneider  [11]  for  the 
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wavelength  of  a wave  in  a microstrip  line  is 


(e  -H  (e  ' 

1/2  ff2  ^ i] 

I"  ) 


where 


= the  wavelength  in  the  microstrip  line 
= free  space  wavelength 


relative  permittivity 
e + 1 e - 1 


-E +_L 

2 ^ 1 r 


4t(e  - 1) 

1 f = E 

,_a/2  ’ n X- 


= thickness  of  the  substrate. 


For  our  case  Equation  (24)  can  be  approximated  by 


^ 1 

_£ ^ 

Iq  /T 


Since  is  a function  of  "a,"  X^  and  the  resonant  frequency  must 

be  also. 

iii)  The  resonant  frequency  of  a cavity  varies  with  the  Q of  the  cavity. 
Slater  [12]  shows  that  the  resonant  frequency  of  a cavity  varies  with  Q 


to  the  first  order  and  with  Q to  the  second  order  where 

d 


Qj  = ^ = Q due  to  dielectric  loss 
d 


Q = — = Q due  to  loss  in  the  walls 
w P 

w 


is  power  lost  in  the  dielectric,  P^  is  the  power  lost  in  the  walls  of  the 


cavity,  and  ^ is  the  energy  stored  in  the  cavity.  In  our  problem  the  loss 
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in  the  wall  consists  of  that  in  the  electric  conducting  plates  at  z = 0 and 
z = t and  that  due  to  radiation  through  the  H-walls.  The  former  is  found 
to  be  negligible,  whereas  the  latter  is  equal  to  given  earlier.  Then 
the  resonant  frequency  is  given  by 


where 


i 


(27) 

(28) 


and  f^Q  is  the  resonant  frequency  of  the  lossless  cavity. 

The  resonant  wavelength  for  the  n,m  = (U,l)  mode  is  then,  using  (i) 
and  Equation  (27), 


where  Cq  is  the  speed  of  light  in  free  space. 

and  are  functions  of  "a"  (see  Fig.  12).  If  it  is  assumed 
that  A is  not  dependent  on  "a,"  then  if  the  resonant  frequency  for  some 
value  of  a = aj^  is  known,  the  resonant  frequency  for  a = a2  can  be 
determined  from 


f 

r 


(31) 
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In  Fig.  12  1^(32)  is  calculated  from  f^(aj^)  where  a^^  = 20.00  cm  and 
f^(aj^)  = 1507  MHz.  From  this  A = .082  cm,  which  is  51  percent  of  the 
substrate  thickness.  Figure  13  compares  a plot  of  experimental 

values  of  resonant  frequency  and  also  shows  the  uncorrected  theoretical 
value  of  resonant  frequency. 

In  Fig.  14  some  typical  measured  and  computed  radiation  patterns  for 
an  antenna  of  dimensions  a = 11.43  cm,  b = 7.62  cm  and  ted  at  e = 8.57  cm 
are  shown.  The  x's  are  the  theoretical  points  and  the  continuous  solid 


or  dashed  curves  are  the  measured  patterns. 


Both  E.  and  E, 
6 <)) 


were  measured 


in  each  of  the  two  cuts,  (}i  = 0 and  <j)  = 90°.  In  Fig.  14  one  component  of 


polarization  was  negligible  when  compared  to  the  other  in  each  case  and 


is  not  shown.  This  applies  to  patterns  referred  to  later  in  the  report. 
In  Figs.  l4a  and  I4b  the  n,ni  = (1,0)  mode  is  excited  and  in  14c  and  14d 
tlie  n,m  = (0,1)  mode  is  excited. 

As  is  seen,  there  is  very  good  agreement  between  theoretical  and 
experimental  radiation  patterns  for  the  two  modes  shown  in  Fig.  14.  It 
may  also  be  noted  that  there  is  good  agreement  for  the  impedance  for  the 
(n,m)  = (0,1)  mode  (Figs.  8b,  9a,  10a,  11a)  and  the  (n,m)  = (0,2)  mode 
(Figs.  lOd,  11b)  but  that  agreement  is  not  as  favorable  for  the  other 
modes  shown. 
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CHAPTER  3.  THE  DISK  MICROSTRIP  ANTENNA 


3.1  Field  Representation  In  Terms  of  Resonant  Modes 

The  geometry  of  a disk  microstrip  antenna  is  shown  in  Fig.  15.  The 
fields  inside  a circular  cavity  bounded  above  and  below  by  metal  disks 
and  surrounded  by  a circular  H-wall  must  be  solved  for.  The  source 
exciting  the  cavity  is  assumed  to  be 


J = zJ^(<())  6(p  - a)/a 


where^ 


J,  tt-6<<)><it  + 6 
0,  elsewhere 


(32a) 


(32b) 


The  wave  equation  in  the  presence  of  a current  source  J is  [13] 


ih  * k^i  - 1U.UJ  - . 


As  before,  J and  E have  been  assumed  to  have  a z-component  only  and  no 
z-variation.  This  implies  that 


V • J = ^ = 0 
9z 


Thus  Equation  (33)  becomes 


7^E  + k^E  = jwyj 

z z z 


The  fields  must  satisfy  this  equation  and  the  magnetic  wall  boundary 


condition 


pxH=0  atp=a 
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Since  J has  a z-component  only 


• ( 1 9E 
g = -i-  / 3 A — 5. 

u)p  I P 3i(i 


3E  ^ 


Using  Equation  (37)  in  (36)  yields 


at  p = a 


The  solution  to  (35)  is  of  the  form 


ip*(juuJ)  da 

E = y — J-J  J 

‘'z  h /.2  ,2)  ^ 

I k - k.)  . da 

\ 3/  JJ  33 


where  the  integrations  are  over  the  area  enclosed  by  the  magnetic  walls 


where  the  ij/j  satisfy 


V + kj  . 0 

3i|' . 

13"  =°  • 


(40a) 


(40b) 


In  general  the  solutions  to  Equation  (40)  consist  of  an  infinite  set 
of  eigenfunctions  with  corresponding  eigenvalues  {k^}  where  eigen- 

functions corresponding  to  distinct  eigenvalues  are  orthogonal. 

For  the  disk  the  solutions  to  Equation  (40)  are  of  the  form 


i|)  = J (k  p)  e"^ 

mn  n mn 


n = 0,1,2,... 
m — 1,2,... 


(41a) 


where  J are  Bessel  functions  of  order  n and  k are  solutions  to 
n mn 


(41b) 


3J 

n mn 


= 0 


Using  the  expressions  for  J given  by  Equation  (32)  and  Equation  (41) 
in  (39)  one  obtains 


E^  = 


k ira  m=2  k - k 
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2 ,2  \ TiaJ_(k  „a) 


O'  mO 


oo  CO  4a(sin  n6)  cos  n((l)  - ti)  J (k  p) 
_l_  ^ ^ n mn 

ni=l  n=l  ^^2  _ \ Tjja^  - J (k  a) 

^ mny  j^2  I n mn  ' 

^ mn/ 


Resonance  occurs  when 


k = k = X /a 
mn  mn 


where  x is  the  m zero  of  the  derivative  of  J (x) . The  first  few 
mn  n 

X 's  are 
mn 


^10  * ^ 

X^^  = 1.84118 

X^2  = 3.05424 

X20  = 3.83171 

Xj^3  = 4.20119 


The  K-current  in  the  magnetic  wall  at  p = a is  derived  by  using 
Equation  (42)  in 


K(a,(|))  = -p  X zE  (a,(fi)  = -(^E  (a,(()) 
Z z 


I 


to  get 


K(a,(t>)  = 


26  Y 26 

2 ^ / 2 TT 

k Tia  m=2  Ik  - k^^  wa 


M I 

m=l  n=l 


4a(sin  n6)  [cos  n((|i  - ti)  ] 


■*  '{■’  ‘ i) 


The  K-current  distribution  around  the  edge  for  the  mn  term  is 

proportional  to  cos  n((}i  - n).  This  is  illustrated  in  Fig.  16. 

3. 2 Comparison  of  Theoretical  and  Experimental  Impedances  and  Radiation 
Patterns 

From  the  K-current  distribution  the  radiated  power,  P^,  can  be 

determined  by  using  Equation  (46)  in  Equations  (18)  - (20).  Power  loss 

in  the  dielectric  is  found  by  using  Equation  (42)  in  (21).  P^  (loss  in 

conductors)  and  P (loss  due  to  surface  waves)  which  were  found  to  be 
s 

negligible  for  the  rectangular  microstrip  are  neglected  so  that  total 
power  lost  is 


P ~ P + P, 
t r d 


Impedance  is  then  computed  by  applying  Equations  (9)  - (10). 

The  accuracy  of  the  theory  is  checked  against  experiment  on  a disk 
of  radius  a = 6.75  cm.  As  in  the  case  of  the  rectangular  microstrip, 
the  uncorrected  theoretical  values  of  the  resonant  frequency  are  greater 
than  the  measured  ones,  as  shown  in  Fig.  17.  In  general  the  agreements 
in  the  Impedance  characteristics  between  the  theory  and  experiments  are 
reasonably  close. 

Radiation  patterns  for  the  disk  antenna  are  shown  in  Figs.  18a  and 
1 8b.  Again  both  E and  E components  were  measured  and  computed  in  each 
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Figure  18a.  Radiation  pattern  of  disk  microstrip  antenna. 


Solid  or  dashed  curve-measured  pattern,  x-theoretical 
pattern . 
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Figure  18b.  Radiation  pattern  of  disk  microstrip  antenna. 


Solid  or  dashed  curve-measured  pattern,  x-theoretical 
pattern. 
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of  the  (1>  = 0 and  90°  cuts.  The  narrow  lobes  exhibited  near  6 = 90°  in 


some  of 
and  are 


the  patterns  are  due  to  diffraction  of  edges  in  the  pattern  range 
not  a characteristic  of  the  antenna  being  measured. 
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CHAPTER  4.  THE  HALF-DISK  MICROSTRIP  ANTENNA 


4. 1 Field  Representation  In  Terms  of  Resonant  Modes 

The  geometry  of  the  half-disk  microstrip  antenna  is  shown  in  Fig.  19. 
The  cavity  is  bounded  above  and  below  by  metal  half  disks,  surrounded 
by  a magnetic  wall  and  excited  by  a source  along  y = 0 


J = zJ^(p)  6((t))/p 

(48a) 

1 where 

i 

1 

1 

fj  if  c < p < d 

J^(P)  =< 

(48b) 

. 

1 0 elsewhere 

The  electric  field  must  satisfy  Equation  (35),  i.e., 

2 2 
V E^  + k E^  = 

and  the  magnetic  wall  boundary  conditions. 

As  was  done  for  the  case  of  the  full  disk,  E^  may  be  expanded  in 
terms  of  eigenfunctions  [Equation  (39)  ] which  satisfy  (40a)  and  the 
magnetic  wall  boundary  conditions  at  p = a and  4)  = 0,ir. 

These  eigenfunctions  are 

n = 0,1,2,... 

mn  n mn  ’ , „ ' ' 

m = 1,2,... 

where  J are  Bessel  functions  of  order  n and  the  k are  determined  from 
" mn 


dd(k  p) 

mn 


dp 


= 0 


p=a 


(49b) 


] 

i 

1 
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Substitute  Equation  (49)  into  (39)  to  obtain 


oo  oo  (d  - c)  J (k  -■  "Y  — I J (k  p|  cos  n({i 

,,  . d - c r,  Y ' n\  xm  2 j n^  mn^j 

+ I I ■'  -I  -'-2\  } • 

2 Tia  k m=l  n=0  A 2 _ 1 / 2 _ n \ ^2^^^ 

mn^  2 1 j^2  n mn 

\ .)  (50) 

where  Implies  that  the  term  m = 1,  n = 0 is  omitted  in  the  summation. 
The  K-current  distribution  around  the  edge  of  the  half  disk  is  given 


below. 


M 

(a)  for  ((i  = and  0 < p < 


k p,  |=xja)yJ<  2 r I 


«>  “ F J (k  p) 

10  Y'  V \ 1 / mn  n mn 

2 4 L 12  2 ) 

k m=l  n=0  k - k N 
\ mn/  n 


whe  re 


(-1)  is  taken  if  ({>  = tt 
1 is  taken  if  4 = 0 


(51a) 


(b)  for  p = a and  0 < ([)  < n 


F,„  “ “ J (k  a)  F cos  neb 

.t/  ,s  ./  10  , v>  V nmn  mn 

K(a,(t))  = ifijiopJ  < I I — 7—5 2^ 

N,„k  m=l  n=0  k - k N 
10  V inn;  mn 


(51b) 


where 


E (d  - c)  J k , 

n ^ mn  ( 2 j 

F^O  = (d  - c) 

(52a) 

1 1 2 n^\  2 . 

M 12 

Nio  = 2 

(52b) 

\ V/ 

k = X /a 
mn  mn 

(53) 

been  defined  in  Equation 

(44). 

distribution  for  several 

resonant  frequencies  is 

sketched  in  Fig.  20. 
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4.2  Comparison  of  Theoretical  and  Experimental  Impedances  and  Radiation 

Patterns 

Theoretical  and  measured  values  of  impedance  are  shovm  in  Figs.  21a, 
b,c,d  for  a half  disk  of  radius  a = 6.75  cm  excited  at  cfi  = 0,  e = 3.38  cm, 
and  in  Fig.  21e  for  a disk  excited  at  center  (e  = 0).  The  lowest  excited 
mode  for  the  center-fed  half  disk  is  the  (m,n)  = (2,0)  mode  as  can  be  seen 
by  referring  to  Fig.  20  and  noting  that  the  R-current  distribution  for  all 
lower-order  modes  has  a null  at  p = 0 except  for  the  m,n  = (1,0)  mode  which 
is  resonant  ai  dc. 

Radiation  patterns  were  taken  for  a half  disk  of  radius  a = 6.75. 

The  measured  and  theoretical  results  are  shown  in  Figs.  22  and  23.  In 
cases  where  both  polarizations  exist  at  the  same  frequency  all  theoretical 
points  are  normalized  with  respect  to  the  0 = 90°  point  of  the  dominant 
polarization. 


5 


off  center  fed  1/2-disk 
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Figure  22.  Radiation  pattern  of  disk  microstrip  antenna. 
Solid  or  dashed  curve-measured  pattern, 
o,  x-theoretical  pattern. 
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CHAPTER  5.  EQUILATERAL  TRIANGULAR  MICROSTRIP  ANTENNA 


5. I Rosonant  Modes  and  FieJd  Representation 

The  geometry  of  the  equilateral  triangular  microstrip  antenna  is 
shown  in  Fig.  24.  Applying  the  cavity  model  by  surrounding  the  triangle 
with  a magnetic  wall,  we  may  solve  for  the  electric  field  in 
Equation  (39)  where  the  eigenfunctions  and  eigenvalues  are  found  from 
Equation  (40a)  with  the  appropriate  boundary  conditions. 

The  eigenfunctions  consist  of  functions  of  the  form  [14] 


^i'^(x,y)  = cos  ^ fe  -F  b^  cos  JLOl,-.  n)  (v^) 


3b  V2 


, __  2frm  fu  , Tr(n  - £)  (v  - w) 

+ cos  ^ i 2 H 9b ^ 


where 


, 2TTn  fu  , Tr()l  - m)  (v  - w) 

+ cos  3-  + b cos  — — - 

3b  (2  / 9b 


Z = -(m  + n) 


(54a) 


(54b) 


/3  ^ 

u = ^ X + I 


(54c) 


v-w  = - — x+-y 


(54d) 


The  eigenvalue  associated  with  (xy)  is 


(54e) 


2 2 . 2 


k = j—  (m  + n + mn) 
mn  \^3a  J 


It  can  be  shown  that  solutions  with  m and/or  n less  than  zero  can  be 

reduced  to  solutions  with  m,n  > 0.  Also  so  only  solutions 

~ mn  nm 

with  m > n need  be  used.  The  conditions  on  the  indices  m,n  are  then 


m > n > 0 
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The  set  of  solutions  given  by  Equation  (54a)  is  not  complete.  To 
see  why  this  is  so,  let  the  coordinate  system  be  rotated  120°  and  let 
these  new  coordinates  be  designated  x'y'. 

The  solution  to  the  equilateral  triangle  problem  in  the  x'y*  coordi- 
nate system  is  the  same  as  Equation  (54)  where  x,y  has  been  replaced  by 
x',y'.  To  transform  the  solution  back  to  the  xy  coordinate  system  apply 


X cos  120°  + y sin  120° 

-X  sin  120°  + y cos  120°  . 


(57a) 

(57b) 


Substituting  Equations  (57a)  and  (57b)  into  (54) , we  get  a solution 

, which,  in  general,  is  linearly  independent  of  ij^^^\x,y)  but 
mn  mn 

has  the  same  eigenvalue. 

A third  function,  which  is  linearly  independent  of  but 

has  the  same  eigenvalue,  can  be  found  by  rotating  the  xy-coordinates  240°. 

However,  of  these  three  functions,  it  can  be  shown  that 

mn  ’^mn  ’^mn 

no  more  than  two  are  linearly  independent. 

Thus  any  two  of  this  set  of  three  functions  may  be  taken  and 

orthogonalized  by  the  Schmidt  orthogonalization  procedure.  The  orthogonali- 

zation  of  and  yields 

mn  mn 


mn  ’^mn 


,(2)’  = .,.(2) 


mn 


mn 


mn 


da 

mn  mn 


(58a) 

(58b) 


where  the  integration  is  over  the  area  of  the  triangle. 

The  field  E^  can  be  determined  by  using  the  eigenfunctions  of 
Equations  (58a)  and  (58b)  with  eigenvalues  given  by  Equation  (55)  in 
Equation  (39)  where  the  current  source  J is 
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(59a) 


J = zJ  (x)  6 
z 


J^(x) 


j^j,  c < X < d 
^0,  elsewhere 


(59b) 


5.2  Comparison  of  Theoretical  and  Experimental  Impedances 

The  K-current  in  the  magnetic  wall  is  obtained  from  the  electric  field 
in  the  cavity.  The  radiated  power  is  calculated  using  Equations  (18)  - (20) 
and  the  power  lost  in  the  dielectric  is  calculated  using  Equation  (21) . 

The  impedance  is  calculated  by  applying  Equations  (9)  and  (10),  Comparison 
of  theoretical  and  experimental  results  for  an  equilateral  triangle  of  side 
a =15.36  cm  is  shown  in  Fig.  25,  Figures  25  a,  b,  c are  for  a center-fed 
triangle  (e  = 0)  and  20  d,  e,  f are  for  an  off-center  feed  with  e = 3.84. 

In  general  the  agreement  between  theory  and  experiment  is  not  as  close  as 
in  previous  examples. 

5.3  Degenerate  Modes 

The  unusual  behavior  of  the  measured  impedance  in  Fig.  25a,  namely 
a cusp  at  797  MHz,  is  believed  to  be  caused  by  the  imperfect  construction 
of  the  triangle  so  that  a degenerate  resonant  frequency  splits  into  two 
close  ones.  To  verify  this  conjecture  a square  and  a slightly  perturbed 
square  are  examined,  with  the  results  shown  in  Fig.  26.  l^hen  both  sides 
are  exactly  equal  (to  four  digits),  a = b = 11.30  cm,  no  cusp  is  observed, 
but  when  a = 11.30  cm  and  b = 11.20  cm  a cusp  is  developed  at  815  MHz. 

Suppose  in  the  solution  to  the  cavity  there  exist  two  eigenfunctions 


4* j . , with  corresponding  eigenvalues  , such  that  k^  = k^  , . If 


the  antenna  is  excited  at  a frequency  such  that 


k = kj,kj, 


(60) 
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Figure  25 


Theoretical  and  experimental  Impedance  characteristics  of 
equilateral  triangular  microstrip  antenna.  K-X-K-X  experi- 
mental points  o-theoretical  points,  e-experimental  frequency 
(MHz),  (m,n)-dominate  mode  at  resonance. 
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equilateral  triangle 

a=15i36cm.  e=3.84cm. 
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a=t5.36cm.  e=3.84 

m=2n-0 


Figure  25.  (cent.) 


a=l1.30cm.  b=11.30cm 


1 


then  the  expansion.  Equation  (39),  becomes 


I)'. 

J } 


da  \p  . , 

J J 


i|j*,(ju)pJ)  da 


■ S^)  II  *1*1  ““  ■ ‘‘r 


i'p'Py  da 


Define 


’/'n  da 


da 

n’^n 


(61) 


(62) 


then  Equation  (61)  becomes 


A. 

J- 


1,2  .,2 

k - k. 

J 


1,2  , 2 
k - k , , 
J 


(63) 


for  k near  k.  and  k 
J J 

For  a given  feed  point  the  resonant  admittance  G is  dependent  on  the 

field  structure  but  not  on  the  magnitude  of  the  field.  If  k and  k are 

i 3 

widely  separated  in  value,  then  as  k is  varied  around  k^  the  first  term 
of  Equation  (63)  is  dominant  and  we  have 


-A. 


1 — ' k < k 

r'^  _ 1,2  I J 


A. 

-L 


2 .2,  • ^ 


(64a) 


(64b) 


Thus  as  k varied  around  k the  magnitude  of  E changes  as  but 

^ ^ k^  - k? 

not  the  field  structure  which  is  proportional  to  A^ . The  same  reasoning 

applies  if  k^  = kj , , i.e.,  if  and  , are  degenerate. 
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Now  if  k.  = k. , 
J 3 


and  k . < k . , , 
3 3 


we  have,  from  Equation  (63), 


then  as  k is  varied  around  k.. 


The  field  structure  changes  radically  as  k is  varied,  as  can  be  seen 
by  comparing  Equation  (65a  or  c)  with  (65b);  therefore  G changes  radically. 
For  the  square  of  Fig.  26a  the  (m,n)  = (1,0)  and  (0,1)  are  excited  and  are 
degenerate;  therefore  the  field  structure  is  essentially  unchanged  as  k is 
varied  around  k^^  = k^^^  and  G is  essentially  constant.  For  the  rectangle 
of  Fig.  26b  the  m,n  = (1,0)  mode  is  excited  when  k = ir/b  and  the  (0,1)  mode 
is  excited  when  k = Tr/a.  Since  a = b,  k^^^  = k^^^.  Therefore  the  situation 
as  depicted  by  Equations  (65a, b,c)  holds  for  k = *^io*^01  field 

structure  changes  rapidly  as  k is  varied  with  a corresponding  rapid  change 
in  G.  This  results  in  a cusp  on  the  Smith  chart. 

For  the  case  of  the  equilateral  triangle  the  two  modes  associated 
with  m,n  = (1,0)  should  have  degenerate  eigenvalues.  However,  in  the 
actual  model  under  test  there  may  exist  small  asymmetries  that  cause  the 
degenerate  eigenfunction  to  split  into  two  havlne  slightly  different 
eigenvalues  or  resonant  frequencies.  These  asymmetries  may  result  from 
imprecise  construction  of  the  triangle  or  from  the  presence  of  the  feed 
line.  By  previous  argument  this  may  account  for  the  cusp  in  Fig.  25a. 
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5.4  Comparison  of  Theoretical  and  Experimental  Radiation  Patterns 

Radiation  patterns  were  also  measured  for  the  equilateral  triangle 
of  side  a = 15.36  cm  and  they  are  shown  in  Figs.  27  and  28.  The  dashed 
or  solid  curves  are  the  measured  patterns  for  the  indicated  polarization 
and  the  small  circles  and  x's  are  the  corresponding  theoretical  patterns. 
The  theoretical  data  are  normalized  with  respect  to  one  measured  data 
point.  It  may  be  noted  that  while  theory  gives  the  correct  shape  of  the 
radiation  pattern,  the  relative  magnitude  between  E 

0 

is  not  in  complete  agreement  with  all  those  measured, 

j 

i 


E,  polarizations 
<P 


'=0 


off  center  fed 
equilateral  triangle 


off  center  fed 
equilateral  triangle 


-</>=90 


799  Mhz 


e=0 


‘<t>=90 


1389 Mhz 


Figure  27.  Radiation  pattern  of  equilateral  triangular  microstrip 
antenna. 

Solid  or  dashed  curve-measured  pattern, 
o,  x-theoretical  pattern. 
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Figure  28.  Radiation  pattern  of  equilateral  triangular  microstrip  antenna. 
Solid  or  dashed  curve-measured  pattern, 
o,  x-theoretical  pattern. 
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CHAPTER  6.  CONCLUSION 


We  have  modeled  the  microstrip  antenna  as  a cavity  surrounded  on  the 
edge  by  a magnetic  wall.  The  electric  field  in  the  cavity  can  be  solved 
for  exactly  for  certain  canonical  geometries.  The  radiated  fields  and 
power  can  be  solved  for  by  considering  the  magnetic  current  in  the  magnetic 
wall.  Impedance  characteristics  can  then  be  calculated  from  the  power 
radiated  and  power  dissipated  in  the  dielectric  and  the  voltage  at  the 
feed  point. 

The  model  has  been  tested  by  comparing  experimental  impedance  charac- 
teristics and  radiation  patterns  against  theoretical  results  for  several 
different  geometries.  The  accuracy  of  the  theory  varies  with  frequency 
and  geometry  but  generally  appears  to  be  reasonably  close  to  experimental 
results.  Agreement  appears  to  be  very  good  for  the  (n,m)  = (0,1)  and  (0,2) 
made  of  the  rectangle  as  shown  in  Figs.  8-11.  The  agreement  is  also 
good  for  the  disk  microstrip.  However,  problems  may  arise  when  nearby 
degenerate  modes  are  excited,  as  was  discussed  in  Chapter  A. 

In  general  the  theory  predicts  a higher  value  for  the  resonant 
frequency  than  the  measured  values.  Since  these  antennas  are  narrow 
band,  it  is  important  to  be  able  to  predict  the  resonant  frequency 
accurately.  An  improved  formula  has  been  obtained. 
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Microstrip  antennas  have  many  more  physical  parameters  than  do  other 
conventional  antennas.  They  can  assume  any  geometrical  shape  with  any  set 
of  dimensions.  It  is  therefore  impossible  to  make  an  exhaustive  investiga- 
tion of  their  properties.  The  objective  of  this  part  of  the  study  is  to 
document  the  radiation  patterns  and  input  impedances  of  many  typical 
microstrip  antennas  of  canonical  shapes  for  which  the  rigorous  solutions 
of  their  corresponding  cavity  models  can  be  found.  Those  included  in  this 
report  are  shown  in  Fig.  B-1,  whereas  a few  others,  such  as  circular  rings, 
elliptical  disks  and  rings,  and  circular  and  elliptical  sectors  will  be 
investigated  in  the  next  contract  period.  Since  the  accuracy  of  the  theory 
for  all  these  geometries  has  been  tested  separately  with  several  experiments 
in  Part  A of  this  report,  no  further  theoretical  computation  will  be  made 
in  this  part.  In  general,  the  qualitative  behavior  of  the  pattern  can 
readily  be  predicted  from  the  magnetic  current  distributions  along  the 
edges  without  computation. 

The  geometries  of  microstrip  antennas  under  this  investigation  are 
summarized  in  Fig.  B-1.  The  measured  data  for  these  antennas  can  be 
located  by  referring  to  Table  I. 

Each  of  these  microstrip  antennas  was  etched  on  one  side  of  a 
1/16- inch,  double-clad,  one-ounce  foil,  Rexolite  2200  printed  circuit 
board.  The  relative  dielectric  constant  of  the  Rexolite  in  the  frequency 
range  considered  was  approximately  2.65,  which  results  in  an  approximate 
61.4  percent  reduction  in  velocity  of  propagation  from  that  in  free  space. 

In  each  case,  the  50  ohm  microstrip  feed  line  was  physically  two  inches 
long  and  0.175  inches  wide  (the  width  was  determined  experimentally). 

The  feed  connector  was  a slightly  modified  feed-through  General  RF,  type  N 
printed  circuit  board  connector  (see  Fig.  B-2  for  details) . 
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Configuration 

Pattern  Impedance  Sketch 

Antenna  Shape  Feed  Technique  Figure  No.  Mode  Figure  No.  Figure  No. 
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Equiangular  Triangle  Off-center,  one  side  B-30(n„)  (1,1)  B-32  B-l(n) 


The  printed  circuit  board  with  microstrip  antenna,  feed  line  and  connector 
was  attached,  by  screws  along  the  edge  of  the  printed  circuit  board,  to  an 
adapter  plate  which  allowed  positioning  the  microstrip  antenna  at  the  center 
of  a 13  by  13  foot  Scientific  Atlanta  ground  screen  pattern  range. 

The  antennas  were  all  designed  to  have  at  least  one  resonance  at  about 
800  MHz  (depending  on  the  feed  point  location).  In  some  cases,  the  lowest- 
order  mode  is  not  excited  due  to  the  feed  point  location. 


The  construction  and  measuring  procedure  is  as  follows.  First  the 
antennas  were  designed  using  the  (theoretical)  formulas  which  were  presented 
in  the  previous  Quarterly  Reports  Nos.  1,  2,  3 and  4,  or  in  Part  A of  this 
report.  The  antennas  were  then  layed  out  on  one  side  of  the  printed 
circuit  board  and  the  unwanted  metal  was  removed.  The  printed  circuit  board 
connector  was  then  attached  to  the  back  side  of  the  printed  circuit  board 
and  the  center  conductor  of  the  connector  was  attached  to  the  antenna  by 
the  two-inch  length  of  microstrip  transmission  line.  In  each  case,  the 
impedance  was  measured  on  a HP  network  analyzer  using  a HP  sweep  generator 
as  the  source.  In  this  way,  the  resonant  frequencies  for  the  various  modes 
were  obtained.  The  lowest-order  mode  and  in  some  cases  the  second-order 
mode  Smith  chart  impedance  plots  are  presented  in  this  report  (see  the 
figures  corresponding  to  the  various  antennas). 

After  obtaining  the  impedance  plots,  the  radiation  patterns  were 


measured  on  a ground  plane  Scientific  Atlanta  pattern  range.  In  each  case, 
<{i  = 0,  and  0 = 90”  cuts  with  both  E.  and  polarizations  were  obtained  for 

ffl  0 


three  frequencies.  By  referring  to  the  impedance  plot,  a frequency  above 


and  a frequency  below  the  resonant  frequency  were  selected  where  the  VSWR 


was  approximately  20  to  1.  In  general,  it  was  found  that  the  radiation 
patterns  for  the  three  frequencies  remained  very  nearly  the  same,  indicating 
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Impedance  of  the  off-center  fed,  square  microstrip 
antenna  near  resonance  of  the  (0,1)  and  (1,0)  modes 
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fn 

Impedance  of  square,  corner-fed  microstrip  antenna  near 
resonance  of  (0,1)  and  (1,0)  modes. 
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Figure  B-9.  Radiation  patterns  of  rectangular,  wide-side  off-center 

fed  microstrip  antenna  for  (ep  mode  (1,0)^  (62)  mode  (0,1). 
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Impedance  oT  rectangular,  wide-side  off-center  fed 
microstrip  antenna  near  resonance  of  mode  (0,1). 
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Hgure  B 11.  Impedance  of  rectangular,  wide-side  off-center  fee 
microstrip  antenna  near  resonance  of  mode  (0,1). 
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near  resonance  of  mode 


Figure  B-15.  Radiation  patterns  of  (g^)  rectangular,  corner  fed  microstrip 
antenna  of  mode  (1,0),  (fi.)  circular  microstrip  antenna  of 
mode  (1,1). 


«^=90® 


<^=90“ 


0=0® 


/»“-) ^=90® 


^=90® 


</)  = 0® 

f=  1324  MHz 


f = 1326  MHz 


Figure  B-18. 


Radiation  patterns  of  (h2)  circular  microstrip  antenna  of 
modej(2,l),  (ij)  semicircular,  center  of  half-circle  fed 
micros'trip  antenna  of  mode  (2,1). 
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Impedance  of  circular  microstrip  antenna  near  resonance 
of  mode  (2,1). 


’15. 


Impedance  of  semicircular,  center  of  half-circle  fed 
microstrip  antenna  near  resonance  of  mode  (2,1). 


FiRure  B-21.  Radiation  patterns  of  semicircular  ( j ) center  of  straight  side 


fed  microstrip  antenna  of  mode  (0,1),  (k,)  off-center  of  straight 
side  fed  microstrip  antenna  of  order  mode  (1,1). 
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Impedance  of  semicircular,  off-center  of  straight  side 
fed  microstrip  antenna  near  resonance  of  mode  (1,1). 


Fij’ure  B-24.  Radiation  patterns  of  (k^)  semicircular,  off-center  of 
straight  side  fed  microstrip  antenna  of  mode  (2,1).(1) 
equiangular  triangle,  one  tip  fed  microstrip  antenna  of 
modes  (0,1),  (1,0). 
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Impedance  of  an  equiangular  triangle,  one  tip  fed 
microstrip  antenna  near  resonance  of  modes  (0,1) 
and  (1,0). 
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Kij’ure  B-27.  Radiation  patterns  of  equiangular  triangle,  middle  of 

one  side  fed  microstrip  antennas, (m, ) of  modes  (0,1)  and 
(1,0),  (m„)  of  mode  (1,1). 
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Impedance  of  equiangular  triangle  middle  of  one 
side  fed  microstrip  antenna  near  resonance  of  modes 
(0,1)  and  (1,0). 


Impedance  of  equiangular  triangle  middle  of  one  side 
fed  microstrip  antenna  near  resonance  of  mode  (1,1) 
(0,2)  and  (2,0). 


Figure  B-30. 


Radiation  patterns  of  equiangular  triangles  (n  ) off-center 
of  one  side  fed  microstrip  antenna  of  modes  (0,1)  and  (1,0), 

(n2)  off-center  of  one  side  fed  microstrip  antenna  of  mode  (1,1). 
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Figure  B-32.  Impedance  of  equiangular  triangle  off-center  of 

one  side  fed  microstrip  antenna  near  resonance  of 
mode  (1,1). 
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that  the  useful  bandwidth  of  each  antenna  was  determined  by  its  impedance 
characteristics  and  not  by  its  radiation  pattern  characteristics.  The 
radiation  patterns  near  resonance  are  presented  in  this  report  (see  the 
figures  corresponding  to  the  various  antennas).  When  observing  the  radiation 
patterns,  it  will  be  noticed  that  some  of  the  patterns  exhibit  narrow  lobes 
near  9 = 90°,  especially  on  the  right  side  of  the  patterns.  These  narrow 
lobes  are  due  to  diffractions  by  the  edge  of  the  ground  plane  pattern 
range  and  are  not  a characteristic  of  the  antenna  being  measured.  The 
true  pattern  shape  can  be  approximated  by  taking  the  average  magnitude  of 
the  lobes. 

For  the  square  in  Fig.  B-3(a)  only  the  (01)  mode  is  excited,  while  in 
Figs.  B-3(b)  and  B-6(c)  both  (01)  and  (10)  modes  are  excited.  In  fact,  for 
the  latter,  the  two  modes  are  equally  excited  due  to  symmetry. 

For  the  rectangle  in  Figs.  B-6(d)  and  B-9(e2),  the  mode  (01)  is 
excited,  and  in  Fig.  B-9(e^)  the  mode  (10)  is  excited,  resulting  in  a 
pattern  similar  to  those  of  the  former  except  for  a 90°  rotation.  The 
rectangle  is  next  fed  along  its  shorter  side  with  an  excitation  of  the 
mode  (01)  as  shown  in  Figs.  B-12(f)  - (g^^)  and  the  mode  (10)  in 
Fig.  B-15(g2).  Again  the  pattern  is  similar  to  those  of  the  former 
except  for  a 90°  rotation. 

Figure  B-15(h^)  shows  the  pattern  of  a circular  microstrip  antenna 
excited  in  the  lowest  (11)  mode.  For  this  case  the  patterns  are  similar 
to  those  of  the  square  in  Fig.  B-3(a)  as  expected.  Both  the  circle  and  the 
semicircle  in  Fig.  B-18  are  excited  in  the  (21)  mode  but  have  different 
patterns.  This  can  easily  be  seen  from  the  magnetic  current  distribution 
in  each  case.  The  semicircles  in  Figs.  B-21  and  B-24(k2)  are  excited  in 
the  (01),  (11)  and  (21)  modes,  respectively.  As  a result  the  patterns  in 


I 
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Fig.  B-21(k.j|^)  are  similar  to  that  in  Fig.  B-15(hj^),  and  the  patterns  in 
Fig,  B-21(k2)  are  similar  to  those  in  Fig.  B-18  except  for  the  orientation 
and  cross-polarization  components. 
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Figures  B-24(e)  through  B-32  are  patterns  and  impedance  characteristics 
of  an  equilateral  triangle.  The  modal  structure  for  this  antenna  is  very 
complex,  and  its  theoretical  evaluation  is  shown  in  Part  A,  In  particular, 
the  interesting  feature  of  the  presence  of  a cusp  in  the  impedance  plot  as 
seen  in  Fig.  B-28  is  explained  in  Part  A. 
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PART  C. 


IMPEDANCE  VARIATION  WITH  THE  FEED  LOCATION 


In  the  microstrip  antenna,  a given  mode  can  be  excited  in  many 
different  ways.  If  the  feed  is  moved  along  a certain  coordinate  where 
there  is  a field  variation,  such  as  the  x-axis  of  a rectangle  at  the  (1,0) 
mode  or  the  circumference  of  a circular  disk  at  the  (1,1)  mode,  the  input 
impedance  varies  over  a wide  range,  thus  providing  a very  simple  means  for 
impedance-matching.  The  variation  of  feed  location  may  result  in  a small 
shift  in  resonant  frequency  due  to  the  change  in  coupling  between  the 
feeder  and  the  antenna,  but  the  radiation  pattern  remains  the  same.  The 
shift  in  frequency  can  always  be  compensated  for  by  trimming  the 
dimensions  slightly. 

To  demonstrate  the  predicted  variation  of  input  impedance  stated 
above,  a rectangle  of  11.43  cm  x 7.62  cm  excited  with  the  (1,0)  mode, 
as  shown  in  Fig.  C-1,  is  considered. 

When  fed  along  the  y axis  it  was  found  that  the  input  impedance 
was  independent  of  the  feed  location.  For  this  reason  the  radiation 
pattern  should  also  be  Independent  of  feed  location,  except  for 
possibly  small  changes  due  to  element  to  feedline  coupling,  which  is 
discussed  later. 

When  fed  along  the  x axis,  the  feedpoint  was  found  to  have  a large 
effect  on  the  input  impedance.  The  table  in  Fig.  C-1  shows  the  dependence 
on  d,  the  offset  distance  of  the  feed  from  the  center,  of  the  resonant 
input  impedance  and  the  resonant  frequency,  and  the  table  also  indicates 
tlie  figure  where  the  impedance  plot  for  that  feedpoint  can  be  found. 

As  seen  from  Figs.  C-2  through  C-8,  the  resonant  input  impedance 
can  be  made  to  take  on  any  value  between  nearly  zero  and  a very  high 
value  by  properly  placing  the  feedpoint  on  the  x axis. 
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It  is  interesting  to  note  that  all  of  these  impedance  plots, as  well 
as  many  others  reported  earlier,  are  nearly  perfect  circles  with  centers 
slightly  above  the  real  axis.  This  implies  that  all  of  the  antenna 
elements  have  a constant  conductance  over  the  scanned  frequency  range, 
except  for  a small  rotation  in  the  Smith  chart.  The  direction  of  rotation 
would  require  an  equivalent  feedline  slightly  longer  than  the  one 
physically  used.  In  other  words,  this  indicates  that  the  input  conductance 
is  constant  when  viewed  at  a point  inside  the  rectangle.  A preliminary 
investigation  has  revealed  no  simple  relationship  between  this  virtual 
feedpoint  and  the  actual  feed  location.  Nevertheless,  the  constant 
conductance  concept,  if  true,  could  lead  to  some  simple,  interesting 
theories.  Further  investigation  is  planned  for  the  near  future. 

From  the  theory  in  Part  A,  varies  with  x for  the  mode  (1,0) 

TT 

according  to  cos  — x . Thus  the  impedance  variation  can  be  easily 
computed  theoretically.  Let  d be  the  feed  location  measured  from  the 
center  of  the  x side,  i.e.,  x = a/2  and  y = 0.  Then 

. 2Tra'  , ..2Tf, 

= A cos  —T  d = A sin  — r d 

10  a 2 a' 

where 

a'  = effective  width  along  the  x-axis 
= a[l  + A(b) ] 

a = actual  physical  width  as  shown  in  Fig.  C-lc 
A(b)  = a small  correction  to  "a"  due  to  the  fringing  effect, 
dependent  on  dimension  b and  approximately  bounded 
between  0 and  0.03 

A “ maximum  input  Impedance  which  occurs  when  feed  is  at  the 
comer  (x  = a,  y * 0) , depending  on  b. 
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For  the  dimensions  under  consideration,  the  measured  value  of  A is 
A ' 362  however,  according  to  theory,  A = 680  fi.  They  differ  by  a 
factor  of  1.875.  If  this  factor  is  used  to  correct  for  the  computed 
values,  the  agreement  between  the  two  sets  of  data  becomes  excellent,  as 
seen  in  Fig.  C-lc.  This  discrepancy  could  be  caused  by  an  error  in  computer 
programming,  by  experimental  error  in  constructing  the  feed  strip  line,  or 
by  the  inadequacy  of  the  present  theory  to  predict  the  input  impedance  with 
a feed  along  the  edge  where  is  not  constant.  The  latter  has  been  noted 
in  Part  A.  Further  investigation  is  needed. 

The  radiation  patterns  for  x-axis  feedpoints  were  also  measured  to 
see  if  any  major  changes  occurred  when  the  feedpoint  was  moved.  The 
plots  in  Figs.  C-9  and  C-10  indicate  that  the  radiation  patterns  are 
relatively  insensitive  to  changes  in  the  feedpoint.  At  resonance,  the 
patterns  were  indistinguishable.  However,  off  resonance,  the  patterns 
showed  a slight  increase  in  the  cross-polarized  fields. 

Similar  results  are  expected  for  other  geometries.  This  property 
can  be  used  to  match  the  antenna  Impedance  over  a wide  range  with  little 
effect  on  the  radiation  pattern. 
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Figure  C-9.  Radiation  patterns  of  the  rertangular  element  at  (1,0)  mode 


resonance  for  different  feedpoints. 
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Figure  C-10.  Radiation  patterns  of  the  rectangular  element  near  (1,0)  mode 


resonance  for  different  feedpoints. 
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The  understanding  of  coupling  effects  between  microstrip  antennas 
and  between  an  antenna  and  its  feeder  is  of  great  importance  in  the  design 
of  arrays.  The  complexity  of  this  problem  would  undoubtedly  require  a 
major  analytic  effort  for  solution.  In  view  of  the  success  of  our  theory 
based  on  a cavity  model  in  predicting  many  antenna  performances,  one 
could  suppose  that  the  field  would  generally  be  confined  to  the  vicinity 
of  the  microstrip  antenna  structure,  so  that  the  interaction  among  elements 
might  not  be  as  strong  as  in  other  types  of  antennas,  such  as  dipoles. 

Two  simple  experiments  were  designed  to  test  the  validity  of  the  conjecture 
just  stated.  The  first  experiment  is  for  the  study  of  coupling  between 
a rectangular  microstrip  antenna  and  its  feeder,  and  the  second  for  the 
study  of  interaction  between  two  adjacent  identical  rectangular  micro- 
strip antennas  at  two  typical  orientations. 

T’->ere  is  always  a certain  amount  of  fringing  field  which  couples  the 
antenna  to  its  microstrip  feeder  as  shown  in  Fig.  D-1.  This  coupling 
causes  two  difficulties  in  our  study.  First,  if  the  interaction  is  so 
strong  that  the  field  near  the  antenna  input  port  "B"  may  no  longer  be 
TEM  wave,  then  the  antenna  input  impedance  at  port  "B''  can  not  be  obtained 
from  the  measured  impedance  at  port  "A"  (somewhat  removed  from  "B")  by  a 
simple  transmission  line  transformation.  Second,  the  coupling,  if  strong, 
could  contribute  to  the  discrepancy  between  the  measured  and  theoretical 
results  since  the  present  theory  does  not  take  this  coupling  into  account. 

To  determine  the  first  effect,  two  measurements  were  taken,  one  with 
a usual  microstrip  feeder  and  the  other  with  a miniature  50  ohm  coaxial 
cable,  both  shown  in  Fig.  D-1.  For  the  latter  the  cable  was  buried  in  a 
small  channel  cut  through  the  substrate,  with  its  outer  conductor  grounded. 
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1 1.37cm 


In  so  doing,  similar  fringing  fields  from  the  antenna  are  maintained 
outside  while  a TEM  wave  is  maintained  inside  the  cable,  except  near  the 
open  end.  A close  agreement  of  the  two  measured  impedances  after  trans- 
formed to  the  port  "B"  would  indicate  that  the  interacting  fringing  field 
is  not  strong  and  the  field  in  the  stripline  is  not  substantially  disturbed. 

For  generality  the  antenna  is  fed  0.64  cm  from  the  middle  point  as 
shown  in  order  to  achieve  a 50  ohm  resonant  impedance  for  the  (1,0)  mode. 

The  measured  characteristics  near  the  first  resonance  are  shown  in 
Figs.  D-2  and  D-3a.  It  is  seen  that  the  agreement  is  very  close,  perhaps 
within  the  experimental  error. 

Later,  a third  measurement  was  performed  with  the  feeding  cable 
beneath  the  ground  plane.  By  doing  so,  the  interacting  fringing  field 
was  largely  removed.  The  measured  impedance  characteristics,  shown 
in  Fig.  D-3b,  remain  essentially  the  same  as  those  in  Fig.  D-3a.  This 
reinforces  the  belief  that  the  interacting  field  is  negligible  so  far  as 
the  impedance  is  concerned  because  of  the  close  proximity  of  the  antenna 
plate  to  the  ground  plane. 

In  the  second  experiment  two  rectangular  elements  of  nearly  the  same 
dimensions  were  used.  Among  infinitely  many  possible  relative  orientations, 
the  following  two  are  perhaps  of  greatest  interest.  For  the  dominant  mode 
(1,0)  excitation  the  two  rectangles  can  be  aligned  on  the  x-axis  with 
those  two  edges  parallel  to  the  y-axis  separated  at  a distance  d as  shown 
in  Fig.  D-4,  Similarly  the  two  rectangles  can  be  aligned  along  the  y-axis 
with  those  two  edges  parallel  to  the  x-axis  separated  at  a distance  d as 
shown  in  Fig.  D-5.  Tlie  measurement  was  made  for  the  input  admittance  of 
one  element  with  the  other  as  a parasite.  The  admittance  loci  for 
various  values  of  d = 0.1  cm  - 0.8  cm  are  shown  in  Figs.  D-6  through  D-11 
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for  the  first  orientation  in  Fig.  D-4  (referred  to  as  "Test  No.  1").  A 
similar  set  of  results  for  the  second  orientation  in  Fig.  D-5  (referred  to 
as  "Test  No.  2")  are  shown  in  Figs.  D-12  through  D-18,  except  that  d = 0.1  cm 
to  3.5  cm.  In  addition,  the  locus  for  d = «>  , i.e.,  the  parasitic  element 
being  removed,  and  that  of  the  parasitic  element  itself  are  shown  in 
Figs.  D-19  and  D-20  for  the  sake  of  comparison.  Last,  Fig.  D-21  summarizes 
the  changes  in  resonant  frequency  for  the  two  orientations  as  d varies. 

In  all  cases  the  input  impedance  was  measured  with  the  feed  at  the 
location  where  a 50-ohm  resonant  resistance  was  obtained  in  the  absence 
of  the  parasitic  element. 

The  following  comments  can  be  made  for  these  results; 

(a)  The  presence  of  a parasitic  element  introduces,  as  a result  of 
the  interaction,  a loop  in  the  admittance  locus.  The  loop  decreases  in 
size  as  d increases,  eventually  degenerating  into  a cusp,  then  a kink,  and 
finally  disappearing. 

(b)  The  interaction  becomes  negligible  when  d > 0.6  cm  » At,  or 

d > O.OIX^  for  the  first  orientation  (Test  No.  1)  and  d > 3 cm  = 20t,  or 
d > 0.05A^  for  the  second  orientation  (Test  No.  2),  = wavelength  in 

substrate.  This  implies  roughly  that  the  interaction  between  "nonradiating" 
edges,  i.e.,  those  along  the  x-axis  for  the  (1,0)  mode,  is  five  times 
stronger  than  between  the  radiating  edges,  i.e.,  those  along  the  y-axis  for 
the  (1,0)  mode.  A similar  conclusion  can  be  reached  from  the  changes  in 
resonant  frequency  in  Fig.  D-18. 

(c)  The  presence  of  a parasitic  element  increases  the  resonant 
frequency  and  slightly  decreases  the  resonant  conductance  [of  the  (1,0) 
mode]  for  the  first  orientation  and  to  a lesser  degree  for  tht  second 
orientation. 
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Figures  D-12  to  -18.  Same  as  in  Figures  D-6  to  D-]l  except  for  the  orientation  being  shown  in  Figure  D-4  where 
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Figures  D-12 


Figure  D-20.  Input  admittance  locus  of  the  parasitic  element  used  in  Figures  D-6  to  -11  in  the  absence  of 
the  parasitic  element. 
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resonant  frequency  vs.  the  separation  d for  the  two  orientations. 


PART  E. 

CONCLUDING  REMARKS  AND  DISCUSSIONS 


In  this  investigation  a simple  and  useful  theory  has  been  established 
for  analyzing  and  predicting  two  fundamental  properties  of  microstrip 
antennas  of  many  different  shapes.  To  verify  the  theory  numerous  experi- 
ments were  performed.  In  general  there  is  a very  good  agreement  between 
the  theoretical  and  experimental  results.  The  discrepancies  appear  to  be 
within  the  accuracy  of  the  present  measuring  system.  It  is  possible  to 
formulate  the  problem  more  rigorously,  thus  leading  to  a more  accurate 
solution.  Hopefully  this  work  will  be  pursued  further  in  the  next 
contract  period. 

A few  findings  of  interest  are  summarized  in  the  following.  It  is 
hoped  that  this  information  will  be  useful  in  improving  the  design  of 
microstrip  antennas.  An  example  is  given  at  the  end. 

(1)  The  behavior  of  the  radiation  pattern  can  be  predicted  by 
simply  noting  the  relative  modal  field  direction  along  the 
edges  of  the  antenna.  Even  for  a quantitative  result,  the 
needed  computation  is  simple  and  straightforward. 

(2)  In  general,  the  impedance  varies  with  frequency  rapidly.  Its 
locus  in  the  Smith  chart  plot  for  frequencies  around  the 
resonance  follows  almost  a perfect  circle  (at  least  for  the 
dominant  mode).  The  circle  starts  approximately  at  the  zero 
impedance  point  at  the  low  frequency  end,  crosses  the  real 
axis  at  real  resonant  impedance  at  resonant  frequency  f^, 
and  goes  back  to  nearly  zero  Impedance  at  a frequency  a few 
percent  higher  than  f^. 
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The  resonant  conductance  can  readily  be  computed  from  the 
formula  = 1/Rj.  = where  Is  the  sum  of  real  radiated 

power  (computed  from  the  pattern)  and  losses  in  the  cavity 
(computed  from  the  modal  fields) . 

If  the  feed  is  located  along  the  edge  of  the  uniform  modal 
field,  the  impedance  is  virtually  independent  of  the  feed 
location.  If  the  feed  is  located  along  the  edge  of  a non- 
uniform  field,  the  impedance  varies  over  a wide  range, 
depending  on  the  feed  location.  For  example,  for  a rectangular 
microstrip  antenna  excited  at  (1,0)  mode,  reaches  a minimum 
when  the  feed  is  at  the  corner.  The  same  conclusion  applies 
for  feed  moving  inside  the  cavity. 

As  the  frequency  sweeps  through  f^,  the  susceptance  changes 
the  sign  while  the  conductance  G goes  through  a minimum,  G^. 

Thus  is  a stationary  point.  Since  B changes  rapidly  with 
frequency,  the  impedance  locus  would  follow  approximately  a 
constant  conductance  circle  G^  in  the  Smith  chart  plot. 

For  the  dominant  mode,  most  radiation  takes  place  through  the 
edge  with  uniform  field  (called  the  radiating  edge) . Thus  G^ 
and  efficiency  both  increase  with  the  radiating  edge  length. 

For  example,  for  a rectangular  microstrip  antenna  of  dimensions 
a X b (over  a standard  copper-cladded  Rexolite  1/16"  thick) 
and  fed  along  the  x-axis,  G^,  normalized  with  respect  to  1/50  mho, 
of  the  (l,0)  mode  has  a value  ranging  from  0.1  (as  b ~ a/2)  to 
1 (as  b * Aa),  corresponding  to  SWR  of  1 to  10. 

For  higher-order  modes,  the  radiating  edge  becomes  longer  in 
wavelength;  thus  in  general  from  (6)  G^  Increases. 
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(8)  In  general  the  coupling  effect  between  a microstrip  antenna  and 
its  feeder  or  between  two  microstrip  antennas  is  small  unless 
the  spacing  is  very  small  (typically  less  than  several  times  the 
thickness  of  the  substrate) . The  interaction  between  two  non- 

, radiating  edges  is  much  stronger  than  between  two  radiating  edges. 

(9)  Parasitic  elements  behave  like  coupled  multiple  tuning  circuits. 
With  properly  adjusted  dimensions,  the  impedance  locus  tends  to 
loop  itself,  in  general,  as  many  times  as  the  number  of 
parasites. 

(10)  For  some  symmetrical  geometries,  such  as  squares  and  equilateral 
triangles,  a degenerated  eigenvalue  may  split  into  two  close 
numbers  if  the  symmetry  is  perturbed  slightly.  This  may  also 
result  in  the  impedance-looping  as  stated  in  (9) . 

(11)  Because  of  the  high  frequency-sensitivity,  the  physical  tolerance 
of  the  dimensions  which  are  pertinent  to  a certain  mode  must  be 
kept  very  small  in  order  to  obtain  repeatable  results. 

The  most  challenging  problem  in  microstrip  antennas  is  how  to  broaden 
the  bandwidth  and  increase  the  efficiency.  Following  the  findings  listed 
above,  the  bandwidth  could  be  broadened  by  using  a wide  radiating  edge  and 
parasitic  elements.  To  illustrate  this  possibility,  four  rectangular 
microstrip  antennas  were  constructed,  all  having  one  side  of  the  same 
dimension,  5.5",  so  as  to  maintain  closely  their  resonant  frequencies. 

The  other  sides  are  3",  8.05"  and  10",  respectively.  In  addition,  the 
* fourth  design  consists  of  a rectangle  5.5"  x 8.05"  with  two  parasitic 

elements  of  dimensions  5.7"  x 0.97",  one  on  each  side  of  the  driven 
element.  All  of  these  are  shown  in  Figs.  E-1  to  E-4  with  their 
respective  measured  impedance  loci.  The  feed  point  is  roughly 
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angular  microstrlp  antenna  of  5.5 
elements,  each  of  5.7"  x 0.97". 
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optimized  in  the  sense  that  the  locus  crosses  the  3:1  SWR  circle  with  the 
largest  frequency  range.  The  bandwidths  based  on  the  3:1  Sl/R  for  these 
four  antennas  are  approximately 


(a) 

5.5"  X 3" 

0.9% 

(b) 

5.5"  X 8.05" 

1.09% 

(c) 

5.5"  X 10" 

1.4% 

(d) 

5.5"  X 8.05" 
with  parasitic 
elements 

2.5% 

An  actual  gain  measurement  indicated  that  the  last  antenna  is 
reasonably  efficient  as  compared  with  a \/2-dipole  (approximately  0 db 
at  the  low-frequency  end  to  -5  dB  at  the  high-frequency  end).  These 
Initial  results  seem  to  be  encouraging. 
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